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METAL-OXIDE-SILICON TECHNOLOGY 
A LITERATURE REVIEW 
1.0 In t roduct ion  
This l i t e r a t u r e  review has been made t o  assist s c i e n t i s t s  
and engineers  working i n  the f i e l d  i n  their efforts t o  develop 
improved MOS devices and t o  promote a better understanding of 
the processes  and designs by which improved devices are 
obtained. 
The history of the developments lead ing  t o  the invent ion  
of  MOS devices is summarized i n  sec t ion  2.1. The basic 
phys ica l  p r i n c i p l e s  governing MOS device behavior are covered 
i n  s e c t i o n  2.2 .  The f a b r i c a t i o n  process f o r  MOS devices is 
described i n  s e c t i o n  2.3. Sec t ion  2.4 deals w i t h  the var ious  
techniques for  eva lua t ion  of oxides. Models f o r  the oxide 
s t r u c t u r e  and oxide-dependent behavior of devices are the 
s u b j e c t  of s e c t i o n  2 . 5 .  The v a r i e t y  of empirical f ind ings  and 
effor ts  t o  develop improved oxides are c o l l e c t e d  i n  s e c t i o n  2.6. 
The effects of r a d i a t i o n  on MOS devices are reviewed ' in  
s e c t i o n  2.7. 
The compilation w a s  completed on September 10, 1965. 
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2. LITERATURE REVIEW AND CORRELATION O F  PUBLISHED INFORMATION 
2.1 His tory  of MOS Devices 
The growth and development of the semiconductor device 
indus t ry  has been s t rong ly  dependent on the understanding of  
semiconductor su r face  properties. The development of device 
designs and processing techniques that make the best use of 
surface p rope r t i e s  (or reduce t h e i r  effect) has played a major 
role i n  the h i s t o r y  of semiconductor devices. 
2 .1 .1  Early Field E f f e c t  Trans is tors  
I n  1948 Shockley and Pearsonl l4  made a s t r u c t u r e  w i t h  a 
t h i n  i n s u l a t i n g  sheet between a germanium sample and an 
evaporated m e t a l  f i l m .  They measured the change i n  conductance 
of the germanium as a func t ion  of the vol tage  app l i ed  t o  the 
metal. They found that only approximately 10% of  the charge 
induced i n  the germanium w a s  mobile. They pos tu l a t ed  that the 
rest resided i n  bound states on the germanium sur face .  
I n  1952 Shockley115 devised the unipolar  field-effect 
t r a n s i s t o r  i n  w h i c h  he isolated the channel, i n  which the con- 
ductance w a s  t o  be cont ro l led ,  f r o m  the carrier i m o b i l i z i n g  
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su r face  states by means of deple t ion  l aye r s  formed a t  the 
surfaces. However, th i s  device had the disadvantage that it 
could only be operated i n  the deplet ion mode. A t  about the same 
t i m e ,  the invent ion of  the b ipo la r  t r a n s i s t o r  (a device i n  which 
t h e  a c t i v e  region w a s  loca ted  within the semiconductor 80 that  
su r face  p rope r t i e s  were of less importance) overshadowed the 
work on f i e l d  e f f e c t  t r a n s i s t o r s .  
2.1.2 Pass iva t ion  of Bipolar T rans i s to r s  
-During the 195Oks, l a r g e  numbers of germanium t r a n s i s t o r s  
w e r e  produced i n  w h i c h  acceptable su r face  p r o p e r t i e s  w e r e  
achieved by empi r i ca l ly  developed processing techniques.  To 
protect these t r a n s i s t o r s  from severe su r face  problems, they 
w e r e  packaged i n  hermet ica l ly  sea led  packages conta in ing  very  
c a r e f u l l y  c o n t r o l l e d  ambients. 
I n  1959, A t a l l a  e t  a1395 s tudied  the s i l i c o n - s i l i c o n  dioxide 
system where the oxide w a s  produced by thermal oxida t ion  and 
found that  such an oxide produced stable and reproducible surface 
p r o p e r t i e s .  Combining this knowledge w i t h  an earlier finding30 
that Si02 can be used as a d i f fus ion  mask t o  form device s t r u c -  
’ t u r e s ,  p l ana r  s i l i c o n  t r a n s i s t o r s  and diodes w e r e  inventeds l .  
I 
I --+ . 
I -3- 
I These p lanar  devices  w e r e  found t o  have improved electrical 
characteristics i n  those parameters (or a t  those opera t ing  I 
I poin ts )  for which  the surface effects (a t  the edge of the junc- 
t i o n  where the j unc t ion  met8 the sur face)  were e i g n i f i c a n t .  
Such .improved parameters include ICBQ, noiee f igure ,  and z ' p ~  at' : 
l o w  cur ren ts .  ' 
I O  
' 
However, eventhough oxides make the s i l i c o n  much more 
i n s e n s i t i v e  t o  the ambient gas, ionic  d r i f t  i n  the f r i n g i n g  
electric f i e ld  a t  t h e  per iphery of the junc t ions  induces changes 
i n  the d i s t r i b u t i o n  of the sur face  p o t e n t i a l  and thereby &uses 
I 
I 
I 
. 
. .  the electrical characteristics t o  d r i f t4 .  I -' 
2.J. 3 Metal-Oxide-Silicon Devices 
c -  I n  1960 Kdhng and proposed a s i l i c o n  s t r u c t u r e  i n  I >  
which an i n s u l a t e d  ga te  w a s  used to induce capduction between two ~ - .  
d$odes. 
l,961. 
semiconductor, or MOS, field-effect t r a n s i s t o r  w i t h  an i n s u l a t e d  
gate on s l n g l e  crystal s i l i c o n ,  
su r f ace  propertiee and therefore does n o t  have the t rapping  
problems found by Shockley and Pearsonll4.  
The theory of this device w a s  developed by I h a n t 0 1 a ~ ~  i n .  
I n  1962, Hofstein and Heiman44, 52 deacrlbed a metal-axide- - 
This device has good s i l i c o n  
It a180 has the - 
I c 
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desirable f ea tu re  that ,  unlike the  junc t ion  unipolar f i e l d  effect  
t r a n s i s t o r ,  it can be operated i n  either the enhancement or the 
deplet ion mode. Many papers29 lo, 133-137 appeared descr ibing 
a v a r i e t y  of useful  appl ica t ions  for this device and noted i ts  
advantages : 
1. 
2. 
3. 
4. 
5. 
6 .  
7. 
8 .  
9. 
Very high. input  impedance 
Functions w i t h  s i g n a l s  of e i t h e r  p o l a r i t y  
Low noise l e v e l  a t  high frequencies 
Simplif ies  c i r c u i t  design 
Relat ively in sens i t i ve  to temperature 
N o  carrier s torage 
N o  o f fse t  vol tage 
E a s e  of f ab r i ca t ion  
Larger packing dens i t i e s  are possible  because 
no i s o l a t i o n  is  necessary between components 
and because MOS t r a n s i s t o r s  can be used as 
r e s i s t o r s .  
Another advantage 134 f o r  f i e l d  effect  t r a n s i s t o r s  
w a s  t ha t  they could tolerate  rad ia t ion  up t o  a value w h e r e  
mobili ty o r  the doping l e v e l  change -- general ly  about t e n  t i m e s  
the dose a t  which l i fe t ime degradation begins. On t h i s  basis, 
-5- 
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f i e ld  e f fec t  t ransis tors  might be expected t o  tolerate  a 
radiation Idose approximately t e n  times greater than bipolar 
t ransis tors  of compptable diknsions.  Recently it has been 
i I. 
. ,  ’ \.”” ’ 
I 
I 1  
s h o w n 8 ~ 5 7 ~ 5 8 ~ 6 6 , 1 ~ 2 , 1 . ~ 4 , 1 1 6  mat the effect of radiation on the 
i.; 
- ,’ ’ oxide layer begins a t  a level well bel& tha t  which direct ly  
affects  the s i l icon.  I :  . I  
r 
“ 
I 
The oxide and oxide-silicon interface properties play a very , 
”\ important role i n  determining MOS ddvice performance, s t a b i l i t y  
* *  1 4 :); 
rt 
r and r e l i ab i l i t y .  Because the a i d e  between the gate electrode , 
r 
I.: . 
i 
and the channel is very t h i n  (only lOOQ t o  ,2000 A )  , even a s m a l l  
applied voltage sets  up a strong e l ec t r i c  f ie ld ,  which causes the 
motion of ions i n  the oxide and produce8 undesirable e f fec ts  on 
the device characterist ics.  For example, only four Volts applied 
t o  the gate of a 1000 thick oxide produces an electric f i e l d  of 
l o 5  volts/cm. 
oxide, especially a t  higher temperatures. Since the oxide layer 
is so &in,  ions can very quickly d r i f t  from one face of the 
This high f i e ld  d r i f t s  any mobile ions i n  the 
layer t o  the other. This 
oxide induces undesirable 
the device. 
c 
changing distribution of charge i n  the 
d r i f t  in the electrical parameters of 
. .  . .  
I . .  
1 
I. 
I 
I *  
r 
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. .  
A further problem ar i ses  i n  tha t  even i f  the charge i n  the 
oxide is immobile and does not cause d r i f t  in the device 
characterist ics,  it causes a t ransis tor  to have a threshold 
voltage not desired by the c i r c u i t  designer. The undesired 
level of threshold voltage resul ts  from the fact  tha t  immobile 
charges i n  the oxide a f fec t  the surface potential  of the 
s i l icon.  This undesirable charge causes a p-channel t r a n s i s t w  ' 
t o  require a higher voltage than desirablq t o  induce channel 
.. I 
zero gate-to-source voltage on 'the qate. 
conductance, and causes an n-channel devica t o  conduct qven a t  
.. . 
. .  
c' 
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2.2 Physical Pr inc ip les  
2.2.1 L i t e r a t u r e  Describinq PhysicaL Pr inc ip l e s  of MOS Devices 
MOS device desc r ip t ion  and design equations have been 
presented by a number of authors including those  of references 
13, 28, 46, 5 0 ,  52,  59, 60, 62, 83, 8 7 ,  88, 106, 126, 128 ,  and 
134. The following b r i e f l y  descr ibe t h e  physical  p r inc ip l e s  
upon which MOS devices a r e  based, as ex t rac ted  from t h e  re- 
ferenced l i t e ra ture .  
2.2.2 Basic Device S t ruc tu re  
. . .. 
The s t r u c t u r a l  f o r m  of an MOS .device is  t h a t  of a .  . .  
p a r a l l e l - p l a t e  capac i tor  i n  the  form of a t h r e e  layer  sand- 
wich of metal, oxide, and s i l i c o n ,  as shown i n  Figure 1. 
SILICON 
I .  
. .  
Figure l t  Representation of Btructural  form of MOS device. 
, -8- 
I .  .. . .  
The basic physical  p r i n c i p l e  of MOS,devices is t ha t  the 
dens i ty  of charge i n  a l aye r  of s i l i c o n  baneath;,an oxide can 
. 
. .  
be cont ro l led  by t h e  vol tage  appl ied t o  a l a y e r  of metal on 
top  of t h e  oxid&. The.net.charge i n  the s i l i c o n  is tha t  due' 
e i t h e r  t o  imobile . ions.  i n  a dep le t ioh  l aye r  or t h a t  due to 
I 
I 
an  accumulation &;.inversion layer  of mobi,le chakges ., ' More 
prec ise ly ,  w i t h  n-type s i l i c o n  a p o s i t i v e  vol tage  on the , .  
metal at tracts e leg t rons  t o  the su r face  o f  the silicon, form- 
, i n g  an  accumulation l aye r  of e lec t rons .  
on t h e  m e t a l  r e p e l s  e lec t rons  and forms a dep le t ion  l aye r  in 
n-type s i l i c o n .  As the voltage'  applied" to the '  metal.' is made 
more negative,  mobile p o s i t i v e  c a r r i e r s  (holes) form a n  in-  
vers ion  l aye r  a t  t h e  s i l i c o n  sur face  wi th in  t h e  dep le t ion  
C A negat ive voitage 
f 
I 
. .  
l ayer .  These s i t u a t i o n s  are depicted i n  Figure 2. 
The dep le t ion  l a y e r  and t h e  invers ion  l aye r  p lay  i m -  
por tance p a r t s  i n  determining the 'electrical behavior of . .  
MOS capac i to r s  and t r a n s i s t o r s .  
2.2.3 MOS Capacitors 
I n  a s impl i f i ed  p i c t u r e  a MOS capac i tor  can be considered 
I a series combination of the capacitance of the oxide and that  
of the dep le t ion  layer.. .When t h e  accumulation l aye r  exists,  
-9- 
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there is no depletion layer and one 'therefore observes only the 
high capacitance of '  the oxide. 
the majority cargiers away from the ox'ide i n  the s i l icon,  the 
As a voltage is applied to repel 
ser ies  capacitance of 'the resultant depletion layer decreases the 
over-all capacitance. As the voltage is increased f u r t h e r ,  an 
inversion layer forms w i t h i n  the depletion layer a t  the interface 
w i t h  the oxiqe: Becpuse the charge density i n  the inversion 
layer can vary over a wide range, d-c voltage changes do not . 
cause changes i n  the depletion layer thickness. Therefore, the 
capacitance i8 , insens i t ive  t o  the d-c voltage i n  the range i n  
which the inversion layer 'exists.  
I f  the measurement frequency is  low and the inversion layer 
is  formed, as one increases the applied voltage the capacitance 
. increases to  a value as high as that  for the oxide Capacitance. 
This happens a t  low measurement frequencies becaus'e the inversion 
layer charge density can change as rapidly as the measurement ' 
signal voltage changes. I n  t h i s  case, changes i n  voltage are 
impressed 
depletion 
the oxide 
only across the oxide (the voltage change'across . .  
layer is negligible) and so only the capacitaace 
is measured. 
-11- 
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The frequency a t  which the  capacitance-voltage curve changes . 
from a low frequency c h a r a c t e r i s t i c  t o  a high frequency charac- 
ter is t ic  depends on the rate at which the invers ion  l a y e r  charge 
dens i ty  can be changed. 
character of allowed energy s t a t e s ,  the presence of i on iz ing  
r ad ia t ion ,  t h e  temperature,  and the presence of a nearby region 
rich i n  the carrier type f r o m  t he  invers ion  l aye r .  
This r a t e  depends on the dens i ty  and 
2.2.4 MOS Trans i s to r s  
I n  an MOS t r a n s i s t o r ,  t he  inversion l a y e r  forms the channel 
(conductive l a y e r )  of w h i c h  the conductance can be cont ro l led .  
This channel is l oca t ed  between a source region and a d ra in  
region as shown i n  Figure 3, and i ts  conductance can be varied 
by vary ing  t h e  vo l t age  on the gate electrode. 
2.2.5 Study of MOS Device Behavior 
Although MOS t r a n s i s t o r s  a r e  more important commerciaily, 
MOS c a p a c i t o r s  are s impler  t o  work w i t h  and provide a very 
va luab le  tool for  the study of the problem areas i n  MOS 
t r a n s i s t o r s .  
-12- 
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Whereas MOS devices  a r e  a good medium f o r  t h e  s tudy  of 
oxide r e l a t e d  p rope r t i e s ,  t he re  is t h e  a t tendant  troublesome 
f a c t  t h a t  they a r e  very s e n s i t i v e  t o  minute d i f f e rences  i n .  
t h e  oxide.  Any charge i n  t h e  oxide o r  a t  the  oxide-s i l icon  
i n t e r f a c e  inf luences  t h e  e l e c t r o s t a t i c  p o t e n t i a l  a t  t h e  
s i l i c o n  sur face  and thereby inf luences  t h e  a rea  dens i ty  of 
charge i n  t h e  deple t ion  and invers ion  layers .  
any charge i n  t h e  oxide inf luences t h e  capaci tance and t h e  
conductance of a device.  
Therefore 
The e f f e c t  of oxide charge on t h e  s i l i c o n  surface 
p o t e n t i a l  is added t o  tha t  of the appl ied  vol tage .  
e f f e c t  thus is  t o  s h i f t  t he  device c h a r a c t e r i s t i c s  curves 
along t h e  vol tage  ax i s .  
bu t ion  of charge i n  the  oxide due t o  the formation (due t o  
Its 
I f  the re  is  a change i n  the  d i s t r i -  
hea t  t r e a t i n g  o r  r ead ia t ion  e f f e c t s )  o r  ann ih i l a t ion  of 
charge or due t o  movement of charges i n  the  oxide (such as 
under the inf luence  of an e l e c t r i c  f i e l d  a t  higher  temperatures) ,  
the s h i f t  of t h e  c h a r a c t e r i s t i c  curves along t h e  vol tage  a x i s  
occurs without  a change i n  t h e  shape of t h e  curves. I f  the 
d i s t r i b u t i o n  of  the charge i n  the oxide depends on the appl ied 
voltage (as  is t h e  case i f  energy s t a t e s  ex is t  i n  t h e  oxide 
-14- 
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which can be f i l l e d  o r  empty depending o n . t h e i r  pos i t i on  
r e l a t i v e  t o  the  Fermi l e v e l ) ,  one can expect a change i n  the 
shape of the curve as it s h i f t s  along the  vol tage  a x i s .  
From the above b a s i c  descr ip t ion ,  one 'can  understand the . 
behavior of MOS devices  under varying condi t ions  of appl ied 
vol tage,  temperature, and r ad ia t ioh  ambient. As shown in 
Sect ion V, one can s tudy  t h e  dens i ty  and d i s t fkbu t lon  of' 
charges and t r a p s  i n  the oxide by means of t h e  e l e c t r i c a l  
device behavior. 
. !  
' /  , ,' ' 
. /" 
. .  
.. 
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2.3 Fabrication of MOS Devices 
2 . 3 . 1  Tvp ical Processins Procedure for  Thermal Oxides 
_ .  
. On the basis 9f published information relat ing t o  the 
fabrication of MOS s t r u c t u r e s ,  the following outline gives the 
typical important processing steps involved. 
1. 
I 2. 
3. 
4. 
5.  
6. 
7 0. 
Prepare s i l i con  w a f e r  for oxidation by a series of. 
cleaning and etching operations. 
Oxidize the wafer t o  a thickness of about 6000 A. 
Photolithographically cut openings i n  the oxide t o  
delineate the mask pattern i n  preparation for 
diffusion of the source and drain' regions. 
Diffuse the source and drain regions. 
> .  
Remove oxide from the back of the si l icon: nickel  ' 
plate  and beat so that  the nickel get ters  metallic 
impurities from the si l icon. 
Photo1 i thographi cal l y  reduce the oxide thickness 
for the gate region and cut openings for  the con- 
tac t s  t o  the source and drain regions. 
Deposit the contact metal (usually aluminum) layer 
and etch (aga in  using photolithographic processes) 
-16- 
the, 
ga t e  and d ra in  regions.  
layer t o  form the contac ts  t o  the source,  
8 .  H e a t  t r ea t  the processed w a f e r  t o  reduce tlie 
r e s i s t a n c e  a t  the electrode contac ts .  
Scribe the w a f e r ,  bond the chips t o  headers, bond 
device leads t o  package terminals ,  and seal pack- 
ages i n  a con t ro l l ed  ambient. 
9. 
Due t o  the s e n s i t i v i t y  of the device parameters t o  minute 
d i f f e rences  i n  the condi t ion  of the oxide, those processes which 
affect  the oxide condi t ion are the most cr i t ical  steps i n  the 
'"3. . f a b r i c a t i o n  sdquence. w, 
! * & I ,  
4 '- 
2 .3 .2  Thermal Oxidation 
Frosch and Derrick3O i n  1957 showed tha t  s i l i c o n  surfaced 
could be oxidized t o  form a mask for the d i f f u s i o n  step which 
forms the var ious  regions of a t r a n s i s t o r  s t r u c t u r e .  A t a l l a  e t  
a1.5 showed how the oxide pass iva tes  the sur face ,  making the 
underlying device i n s e n s i t i v e  t o  the ambient gas, and thereby 
s t a b i l i z i n g  the e lectr ical  parameters of the device.  A t  the 
1960 Elec t ron  Devices Meeting, Hoerni51 showed how the above 
described p rope r t i e s  could be combined t o  make p lanar  trahsis- 
tors and diodes. 
-17- 
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Ligenza and Spitzer76 prepared oxides using comlqinations of . 
016 and 018 isotopes t o  s tudy  the mechanisms for silica? oxida- 
tion. By measuring the infrared transmission through these 
oxides as a function of oxide layer thickness as the oxide layer 
was etched away, they were ab4e to qetermine tha t  the diffysing 
I .  
species during oxidation is  oxygen. They noted tha t  an oxygen 
exchange occurred during the  oxidation process a t  a ra te  a t  leqst 
as f a s t  as the ra te  'of growth. 
oxidation and the, r a t e  limiting step takes place a t  the s i l i con  
oxide interface. 
They inferred tha t  the actual 
PJiskin and Gna1196 used a selective etch tech- 
nique t o  again show tha t  the oxidation takes place a t  the s i l i cog  ' . . . .  
interface.  . 
J o r g e n ~ o n ~ ~  applied an e lec t r ic  f i e ld  across the oxide 
during oxidation and showed t h a t  the dependence. of 'the oxidation . 
ra te  on the f i e ld  strength and polarity 'is such as to  indicate 
tha t  oxygen ions are the predomanant species diffusing through a 
growing oxide f i l m .  Goetzberger35 recently showed tha t  oxidation 
. i n  an e l ec t r i c  f i e ld  can reduce the densit ies of surface change4 
i n  steam or wet oxygen oxidations. No  influence on f i e ld  was 
found on surface charge density during dry oxygen oxidations. 
Schmidt111 prepared sodium free oxides that  changed by less 
I .  
-18- 
than 1011 charges per  c m 2  i n  steam a t  3OO0C f o r  26 hours w i t h  a 
'\. 
€ield of 106 v/cm, w i t h  the  s i l i c o n  negative. .  
Deal21 s tud ied  the oxidatior) of s i l i c o n  i n  dry oxygen, wet 
oxygen and steam. 
the b e s t  p ro t ec t ive  c h a r a c t e r i s t i c e  from the s tandpoin t  of 
densi ty ,  d i e l e c t r i c  s t r eng th ,  mask$pg a b i l i t y ,  and freedom from 
H e  found tha t 'we t  oxygen produced oxides yith 
defects. 
F u l l e r  and S t r e i t e r 3 3  reported on similar work which agrees 
w i t h  t ha t  of Deal. Ligenza77 s t u d i e d  'the oxida t ion  of s i l i c o n  by 
high pressure  steam (25 t o  500 atmospheres). 
Deal and Sklar2O s tud ied  the  oxida t ion  of heav i ly  doped 
s i l i c o n .  
Lieberman e t  a175 s t u d i e d  the e f f e c t s  of w a t e r  vapor 
pressure  on the  r a t e  of thermal oxidat ion of s i l i c o n .  . .  
v 
2 . 3 . 3  Oxide Proper t ies  
A good recent  review a r t i c l e  an the  formation and p rope r t i e s  
of oxides  on s i l i c o n  has  been prepared by Donovan23. 
cusses t h e  k i n e t i c s  of var ious  oxidizing reac t ions  and the 
r e s u l t s  from t y p i c a l  experimental systems. H e  a l s o  descr ibes  
He dis- 
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' of oxid$zed s i l i c o n .  
s eve ra l  models f o r  t he  accumulation of electron$ near  the su r face  
2.3.4 O t h e r  Oxidation Processes 
A number .of o t h e r  processes have been s t u d i e d  for forming , - -  
I . I  .~ oxides on ' s i l i c o n  which' a t  t h e  t i m e  of  t h i s  w r i t i n g  have no t  
I 
I - found favor  with the producers of MOS devices.  Ligenza78 has  . i  
oxidized s i l i c o n  i n  an Qxygen gas plasma excited by a microwave 
I. ge ve r a tor.  
i 
I - :  
. .  . 
. .  
P l i s k i n  and LehmangS s t u d i e d  p y r o l y t i c a l l y  deposi ted f i l m s  
because of their lower deposi t ipn temperature. Such an oxide 
depos i t ion  leaves the s i l i c o n  surface undisturbed. These con- 
s i d e r a t i o n s  are important when there  is concern about ,  the changes 
that may take p lace  i n  the s i l i c o n  during oxidat ion.  They 
developed a technique f o r  densifying p y r o l y t i c a l l y  deposi ted 
f i l m s  t o  improve their  e f f ec t iveness  hs pass iva t ion  l a y e r s  and ' 
d i f f u s i o n  masks. i ) .  
i 
. I  Peterson e t  a194 reported on a chemical vapor depos i t ion  
technique. Val le t ta  e t  a l l y  and F u l l e r  and B a i r d 3 2  formed 
f i l m s  by r e a c t i v e l y  s p u t t e r i n g  a s i l i c o n  cathode i n  oxygen. ' ,  
Ligenza and Povilonis79 spu t t e red  s i l i c o n  through an oxygen 
I .  
I 
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I ;  
I 
plasma t o  form s i l i ca  l a y e r s  on s i l i c o n  a t  s u b s t r a t e  temperatures 
dowq t o  25OC. 
F1 i sk in99  evaporated S i 0 2  w i t h  an  e l e c t r o n  gun. 
Schmidt and Owenlo* used a w e t  anodic process t o  f o r m  
oxides a t  room temperature. 
s i l i c o n  i n  e thylene glycol  so lu t ions .  
Duffek e t  a124 anodica l ly  oxidized 
T ~ k u y a m a l ~ ~  formed a two-. 
l a y e r  oxide i n  which the ou te r  layer  cons$sted of a mixture of 
PbO and Si02. Tung and Caffreyl31 deposi ted oxide on s i l i c o n  by 
r e a c t i n g  a m e t a l  h a l i d e  w i t h  a hydrogen-carbon mixture. 
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2.4’ Techniques for Evaluation of Oxides 
This subsection reviews the vqrious experimental tech- 
niques which have been used to evaluate and study the pro- 
perties of oxides and are described in the .literature, 
2.4-1 Capacitance-Voltaqe Relationship - 
c 
A simple and useful measurement is that of the capaci- 
tance of an MOS capacitor as a function of such variables 
as the applied d-c voltage, the measurement frequency or the 
temperature. 
Terman12*, ‘and Lehovec et ale7* .measured ‘the capacitance 
of MOS diodes as a function of the applied d-c voltage and 
the measurement frequency. They made an effort to locate 
energy levels in the energy gap and to evaluate the associated 
time constants , 
As investigators became aware of the utility of the C-V 
measurement technique, a number of papers were published 
describing its use, The team consisting of Grove, Snow, Deal, 
and Sah p ~ b l i s h e d ~ g - ~ ~ , ~ ~  a number of papers describing how 
C-V characteristics uncovered a variety of pieces of lhforma- 
tion about the oxide behavior. 
-22- . 
Other authors have also written papersa2# 73 .describing 
the manner in which C-V measurements can be used to study 
oxide properties. 
. .  
Sprague et al. 123 have studied oxide properties in MOS 
capacitors with the emphasis on the properties desired for 
good capacitors -- permittivity and loss tangent. 
Snow’’’ has used C-V measurements on two-layer (glass 
and oxide) MOS‘structures to study the movement of ions in 
glasses. 
Zaininger and WarfieldlB3 have recently discussed the . 
limitations of the MOS capacitance method for the determina- 
tion of semiconductor device properties. 
2.4.2 Conductivity Measurements 
L e h ~ v e c ~ ~  used a capacitor with a large circumference-to- 
area ratio to study the migration of charges in the region 
surrounding the metal electrode of an MOS capacitor. 
Heiman et a1.45, and Clark’‘ have discussed ways to 
determine the conductivity type of the silicon in MOS diodes.‘ 
-23- 
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I 
HofsteinEi5 has shown that the measurement ‘of Channel . .  
d-c conductance of an MOS transistor has an advantage over 
capacitance measurements in that faster response times can 
be measured. 
G o e t ~ b e r g e r ~ ~  developed a technique using a ring-dot 
structure that permits measurement of the conductance of in- 
version layers under oxides which have not been subjected 
to the diffusions “mecessary for a MOS transistor structure. 
2.4.3 Other Measurements 
Althqngh the C-V and conductance measurements have 
found the widest use, other evaluation techniques are available. 
Heiman and miller4’ suggest a way in which a temperature 
coefficient of MOS transistors can be used to determine f i e  
surface state density. 
Nicollian and G o e t ~ b e r g e r ~ ~  combined C-V measurements 
with measured losses in gn MOS capacitor to evaluate surface 
state parameters. 
Shockley et al. ’16‘ used surface potential measure- 
ments to study charge motion over the surface of the oxide. - ’  
-24- 
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Yamin 140 studied d-c current properties. of oxides. 
Such measurements permit the study of various kinds of electro- 
lytic effects, ' charge storage, rectification qt boundaries, 
1 
etc. 
. .  
Lindmayer81 investigated transient currents to study 
charge trapped in Si02 and SiO. 
Green and Nathanson3' used a scanning electron micro- 
scope to observe inversion layers under insulated gate elec- 
trodes . 
Green et mention that one can use an electron 
beam of varying energy to study the location within the oxide 
of radiation damage sites that affect device performance. 
Pliskin and Lehmang8 have evaluated structural differ- 
effkciency by means of infrared absorption spectroscopy, 
preferential etch procedures, and technique known as VAMFO ' i  
(Var'<abl&;z mgle 'ZyQnochrornat ic Fringe Observation) 97,1001 e 
Infrared transmission measurements can be usedl to deter- 
mine the pressure of "water" in the form of OH groups in 
fused silicon. 
-25- 
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Rosier105 made a 
sur face  recombination 
s p e c i a l  diode structure t o  measure the 
v e l o c i t y  beneath an oxide as a func t ion  
,of t h e  voltage appl ied  to a 
Grove and F i t ~ g e r a l d ~ ~  
metal electrope on the oxide. 
introduced sadlum ions  i n t o  the 
: oxide coveEing a p-n junc t ion  t o  create higher f i e l d s  which 
enable them t o  show that  anomalous channel cu r ren t s  are due 
t o  a breakdown mechanism i n  t he  channel. 
Schroen’l’ -used a spo t  of l igh t  t o  c r e q t e  non-equilibrium 
carriers i n  small local areas t o  affect  the breakdown vo l t age  
of p-n’ junc t ions  and MOS s t r u c t u r e s  t o  study the  d i s t r i b u t i o n  
of t r a p s .  
, .  
i 
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2.5 Model f o r  Oxide S t ruc tu re  and' f o r  Oxide Dependent 
Behavior of Devices 
: . 
2.5.1 Glasses 
The oxide on oxidized s i l i c o n  i s  amorphous Si02. It  is 
i n  t h e  g l a s s l i k e  o r  v i t r eous  s t a t e ,  a s t a t e  be l ieved  t o  be 
a s o l i d  with t h e  d i s o r d e r ' o f  a l i qu id  frozen i n t o  its s t r u c -  
t u r e .  
a g r e a t e r  time than h i s  work w i t h  most o ther  mater ia l s ,  
Although t h e  h i s t o r y  of man's work with g l a s s  spans 
0 
there s t i l l  is  disagreement over t h e  theory  of g l a s s  s t ruc tu re .  
C 
The first  r e a l  advance i n  the theory of g l a s s  s t r u c t u r e  
was due to t h e  development of the random network theory w h i c h  
descr ibes  g l a s s  a s  Jacking symmetry and p e r i o d i c i t y  i n  con- 
t r a s t  wi th  t h e  s r y s t a l l i n e  s t a t e .  The competing theory says 
t h a t  g l a s s  conta ins  microscopic c r y s t a l s  w i t h  d e f i n i t e  s to ich-  
iomet r ic  compositions joined toge ther  by amorphous zones. 
d e t a i l e d  d iscuss ion  of g l a s s  s t r u c t u r e  may be found i n  seve ra l  
More 
references,  including 56 and 138. 
r u l e s  w e r e  proposed r e l a t i n g  the way oxygen anions and the  
ca t ions  must l i n k  toge ther  for an oxide t o  e x i s t  i n  t h e  g lassy  
state. Br i e f ly ,  t he  r u l e s  s t a t e  t h a t  the g l a s s  forming 
I n  1932 a number of simple 
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' . c a t ions  '.(e.g., 
o f  oxygen ions 
. .  
I 
~ 
B3', Si4+, P5+) a r e  surrounded by polyhedra '  
I 
i n  the form of t r i a n g l e s  o r  te t rahedrons .  The ' I  
I 
5 
' ,. oxygen ions  are of  two kinds,  v i z . ,  br idging oxygen ions ,  each 
of which l i n k  two polyhedra, and non-bridging oxygen ions ,  
each of which belongs t o  only  one polyhedron. Such a system . 
would produce a polymer s t r u c t u r e  with long chains  cross 
l inked  a t  i n t e r v a l s .  I n  such a s t r u c t u r e ,  t h e r e  are regions 
of unbalanced negat ive charge where the oxygen ions  are non- . . .  
c 
bridging.  
(Na', I@, Ca2+) may exist i n  holes  between oxygen polyhedra 
Cations of low p o s i t i v e  charge and large s i z e  
w h e r e  they  compensate t h e  excess negat ive charge of t h e  non- 
br idging  oxygen atoms. 
8nme cations of l a r g e  charge and small s i z e  may isomor- 
p h i c a l l y  s u b s t i t u t e  s i l i c o n  ions i n  the s t r u c t u r a l  network 
of t h e  glass. 
network formers, and those  which are so lub le  i n  t h e  rletwork 
are network modifiers.  
Oxides forming the  b a s i s  of a g l a s s  are c a l l e d  
It  has been established t h a t  glasses can be formed of 
B2O3, Si02, GeO2,  P2O5, A s 2 O 5 ,  A s 2 O 3 ,  and Sb2O3. Possible 
g l a s s  formers include V2O5, Zr02, and Bi2O3.  Oxides of T i ,  
Zn, Pb, Al, Th and Be do not  apparent ly  form g l a s s e s  b u t  they 
. .  
I 
1 modify certain properties of glass. Oxides of Sc, La, Y, 
I Sn, Ga, In, Mg, Li, Ba, Ca, Sr, Cd, K, Rb, Hg, and Cs may 
act as network modifiers. 
2.5.2. Silicon Oxide 
Donovana3 has written a good review paper on the pro- 
perties of oxides on silicon. He notes that silica glass 
is thermodynamically unstable below 171OoC and should 
devitrify to a stable crystallized form. However, the rate 
of devitrification is negligible at temperatures below 1000°C. 
Silicon ions, due to their large charge, cannot move without 
breaking four oxygen bonds. Oxygen ions, on the other hand, 
are freer to move through the lattice, since bridging oxygen 
ions are attached to only two silicon ions and non bridging 
atoms to only one. A network modifier, when introduced as 
an oxide, ionizes and gives up an oxygen atom to the network. 
The modifier metal ion occupies an interstitial position in 
' the network and the oxygen ion enters the network, producing 
two non bridging oxygen ions where formerly there was one 
bridging oxygen ion. This weakens the network, as manifested 
by a lower melting point. 
-29- 
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The water content  of s i l i ca  g l a s s  is regarded w n  . 
Water vapoc important factor i n  determining its proper t ies .  
can e n t e r  the s i l i ca  g l a s s  network either a s  hydroxyl i ons  
or molecular w a t e r ,  or both.  The hydroxyl ion  can a lso be 
formed by the attachment of hydrogen ions  t o  nonbridging oxygen. 
atoms, producing a t i g h t l y  bound stable hydroxyl ion,  o r  it , 
may be formed i n  less s t a b l e  configurations:  bk o t h e r  hydrogeq- 
3 ?. 
s i l i c a  reac t ions .  These hydroxyl ions are  not  contained i n  
water b u t  may produce the kame n e t  . e f f ec t s  a s  w a t e r ,  because 
t h e  effects of water may be t o t a l l y  due t o  the hydroxyl ions.  
The presence of hydroxyls i n  s i l i ca  g l a s s  tends  t o  
weaken the s t r u c t u r e  by breaking oxygen bonds and rep lac ing  
them w i t h  s i i i g l > - - L - * - - A  uuuLIy k-rdrn,uvl ..J _ _ _ _ _  ~- ions.  The effect is  analogous 
t o  changing br idging  oxygen ions t o  nonbridging oxygen ions.  
. ’  Donovan f u r t h e r  r e p o r t s  t h a t  when d i v a l e n t  i ons  such as 
Ca++ or Sr++ are introduced t o  s i l ica ,  the mobi l i ty  of a lka l i  
i ons  i n  the s i l i ca  decreases. 0 
2.5.3 Charse Motion i n  Si l ica  
Greater de t a i l  and depth concerning some e l e c t r o l y s i s  
phenomena and t h e  effect  of w a t e r  i n  v i t r e o u s  s i l i ca  can be 
found i n  re ferences  7,  25,  and 49. 
Proctor and SuttonlOl have s tudied the motion of ions  i n  
The observed behavior agrees w i t h  a model i n  which glass. 
ca t ions  are mobile b u t  anions are  not.  
Collins17 has proposed seve ra l  mechanisms t o  exp la in  the 
p o l a r i z a t i o n  of charge i n . o x i d e  f i l m s .  
Owen and Douglasg1 examined t h e  d-c electrical conduc- 
t i v i t y  of var ious samples of f u s e d ’ s i l i c a  and found it t o  
depend p a r t i c u l a r l y  on the sodium concentrat ion.  The d-c 
conduct iv i ty  i s  s u b s t a n t i a l l y  independent of the w a t e r  content,  
whereas the dielectric p rope r t i e s  are  almost e n t i r e l y  deter- 
mined by the w a t e r  canter@. 
i s  discussed i n  g r e a t e r  de t a i l  by Oweng2. 
The nature  of d-c conduct ivi ty  
The motion of su r face  charge on the oxide8,86#93 was 
described as the mechanism responsible  for the f a i l u r e  of 
Telstar. 
t ha t  t h e  motion of charges along oxide-covered s i l i c o n  sur- 
faces can form channels and/or change the device character- 
is t ics .  
Shockley e t  a l .  . 116t117 used a Kelvin probe t o  show 
-31- 
Castrucci  and Logan12 have used a diode s t r u c t u r e  wi th  a 
cont ro l  r i n g  e l ec t rode  t o  study the e f f e c t s  of charge motion 
8 .  
p a r a l l e l  t o  t h e  oxide sur face .  
2.5.4 St ruc tu re  of S i l i con  Dioxide 
Reveszlo3 has  r ecen t ly  reviewed t h e  s t r u c t u r e  of grown 
s i l i c o n  dioxide f i l m s  from the viewpoint of a phys ica l  chemist. 
' 
The de fec t  s t r u c t u r e  i s  shown t o  determine many o'f t he  phenomena 
observed i n  MOS devices .  This defec t  s t r u c t u r e  i s  q u i t e  
I 
s e n s i t i v e  t o  v a r i a t i o n s  i n  oxide growth techniques and to  t h e  
thermal and ambient gas treatments following t h e  formation of 
t h e  oxide.  According t o  the proposed model, thermal growth 
of s i l i c o n  dioxide proceeds through t h e  migration of oxygen 
i n t e r s t i t i a l s  which a c t  as acceptors.  
i n  t h e  oxid iz ing  ambient, an a f t e r t r ea tmen t  i n  hydrogen, o r  
some reac t ions  w i t h  the  ga t e  m e t a l  int roduce a donor s t a t e  
i n  t h e  form of t r i v a l e n t  s i l i c o n .  Due t o  e l e c t r o n i c  i n t e r -  
ac t ions  between the oxide and s i l i c o n ,  these  de fec t s  in f luence  
the s i l i c o n  sur face  p o t e n t i a l  and the re fo re  they are s i m i l a r  
t o  the  sur face  s t a t e s .  The s i l i c o n  sur face  p o t e n t i a l  can be 
a f f e c t e d  by i n j e c t i n g  p o s i t i v e  metal ions i n t o  t h e  oxide and 
The presence of water 
by moving ionized and/or in jec ted  i o n i c  de fec t s  i n  t h e  oxide. 
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Besides the r e l a t i o n s h i p  between defects and oxide growth, 
Revesz d iscusses  the i n t e r a c t i o n s  between the s i l i c o n  and i ts  
oxide, r eac t ions  a t  t h e  gate-oxide i n t e r f a c e ,  and t h e  effects 
due t o  an inhomogeneous d i s t r i b u t i o n  of defects. 
2.5.5 Semiconductor-Oxide In t e r f ace  
Schmidt  and Sandor’’’ reviewed the  s t a t e  of knowledge 
concerning the  semiconductor-oxide i n t e r f a c e .  
how the var ious p rope r t i e s  of t h e  s i l i c o n  su r face  change 
w i t h  thermal oxida t ion  of the sur face .  For example, o x i d i a t i o n  
may t i e  up dangling bonds a t  the su r face  and thereby reduce 
the d e n s i t y  of f a s t  s t a t e s .  On the  o the r  hand, states located 
w i t h i n  t h e  oxide, w h i c h  are n o t  i n  i n t ima te  electrical contac t  
They d i scuss  
w i t h  the s i l i c o n ,  are observed as s l o w  states which are added 
during the oxidat ion.  
Some of the important p rope r t i e s  of the oxide-semiconductor 
i n t e r f a c e  can be predic ted  when t h e  i n t e r f a c e  is  treated as a 
80,82 
hetero junc t ion ,  as discussed by Lindmayer . 
. .  
Schmidt’’’ describes t h e  effect  of protons and a lka l i  
ions  i n  oxide f i l m s  on the surface recombination ve loc i ty .  
These impur i t i e s  i n  the oxide are presumed t o  change the 
-33- 
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Fermi level i n  the oxide and thereby cause a charge t ransfer  
between the oxide and the si l icon. 
2 . 5  .6 Heat Treatment 
Seraphim e t  a l .  '13 have studied the e f fec ts  of chemical 
additives and of annealing procedures,' and have l i s t ed  some 
of the electro-chemical react ions ' that  might take place within 
the oxide. 
Since heat t reat ing processes are known t o  induce large 
changes i n  MOS device characterist ics,  it i s  worth noting tha t  
Schmidt and Sandorlog rqeasured compressive stresses of 50,000 
p s i  on steam- .and  dry oxygen-oxidized thin s i l i con  webs, 
and t h a t  Griggs and Blacic3* r e p o r t  tha t  the strength of 
I 
synthetic quartz crystals  containing water is  a hundredfoJd 
lower a t  6OO0C than a t  30OoC. 
b 
Fuller and Logan31 reported 
tha t  donors are  introduced in to  s i l icon by heating i n  the 
3OO0C t o  5OO0C temperature range and are  caused t o  disappear 
a t  higher temperatures. They give evidence showing tha t  
oxygen is the impur i ty  from which the donors a re  formed. 
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2.5.7 Model of MOS Capacitor 
The most u s e f u l  t o o l  f o r  studying t h e  charge i n  oxides 
is  the measurement of  the capacitance as a func t ion  of t h e  
vol tage.  The basic phys ica l  p r inc ip l e s  involved have been 
descr ibed i n  a number of 'papers  29,39,40,43,738 129 
Figure 4 shows the MOS capac i tor  s t r u c t u r e  and how t h e  
characteristic C-V curve is  es tab l i shed .  For n-type s i l i c o n ,  
when p o s i t i v e  vol tage  i s  appl ied  t o  the m e t a l ,  electrons accumut 
l a t e  a t  t h e  s i l i c o n  su r face  adjacent  t o  t h e  oxide. 
case,  t h e  capac+tance is  i n s e n s i t i v e  t o  the appl ied  d-c 
I n  t h i s  
vol tage  and is  tha t  capacitance due t o  t h e  thickness and d i -  
e l e c t r i c  constant  f o r  the oxide. I f  a negat ive vol tage  is  
appl ied  t o  the m e t a l ,  t h e  e l ec t rons  are r epe l l ed  and a de- 
p l e t i o n  l a y e r  forms. The formation of this dep le t ion  l aye r  
e f f e c t i v e l y  forms a w i d e r  spacing s6 of the capac i to r  and 
the capaci tance decreases.  
appl ied ,  an invers ion  l aye r  of ho les . forms  i n  the layer  of 
s i l i c o n  ad jacent  t o  the oxide. The area dens i ty  of charge 
i n  t h i s  invers ion  l aye r  can vary g r e a t l y  w i t h  appl ied  vo l t age  
(as descr ibed  by t h e  Boltzmann equat ion) .  Therefore, f u r t h e r  
i n c r e a s e s  i n  appl ied  negat ive vol tage are supported by an 
As higher negqtive vol tages  are 
-35- 
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increased f i e l d  across  t h e  oxide without s i g n i f i c a n t  change 
i n  the  f i e l d  wi th in  t h e  deple t ion  l aye r .  
t h e  deple t ion  l aye r  width becomes i n s e n s i t i v e  t o  appl ied  
vol tage  when t h e  invers ion  l aye r  e x i s t s .  
l ayer  width i s  i n s e n s i t i v e  t o  vol tage,  t h e  capaci tance is  
i n s e n s i t i v e  t o  vol tage .  
h igher  negat ive vol tages  is  only observed a t  high measurement 
For t h i s  reason, 
S ince ’ the  deple t ion  
This vo l tage  i n s e n s i t i v i t y  a t  t h e  
frequencies .  
If the  measurement frequency i s  s u f f i c i e n t l y  low t h a t  t h e  
dens i ty  of ho les  i n  t he  inversion l aye r  can change during 
one cyc le  of t he  measurement s i g n a l ,  then the  a-c s i g n a l  
vo l tage  i s  supported e n t i r e l y  by t h e  varying f i e l d  across  t h e  
oxide and one again measures a capaci tance due t o  t h e  oxide. 
The frequency a t  which the  l o w  frequency c h a r a c t e r i s t i c s  are: 
observed depends on the  a b i l i t y  of t he  holes  dens i ty  t o  change 
r ap id ly .  One f inds ,  therefore ,  t h a t  t h e  l o w  frequency char- 
a c t e r i s t i c :  curve can be observed a t  h igher  f requencies  when. 
t h e  
a. Generation r a t e  for  c a r r i e r s  i s  increased by 
hea t ing  t h e  s i l i c o n  or exposing it t o  l i g h t  o r  
o ther  i r r a d i a t i o n ,  
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b. Region near the inversion l aye r  has a high dens i ty  
of ho les  w h i c h  can move i n t o  and o u t  of t h e  
invers ion  l a y e r  quickly53. ’ 
The t r a n s i t i o n  vol tage  of an  MOS capac i to r  is that vol tage  
a t  which the  s lope  of the  C-V curve i s  maximum. The t r a n s i t i o n  
vol tage  i s  c l o s e l y  related t o  the  sur face  p o t e n t i a l  that  e x i s t s  
i n  the s i l i c o n  when no vol tage  i s  appl ied.  
t i a l  i s  dependent’on the d i s t r i b u t i o n  of charge i n  the oxide 
This su r face  poten- 
and/or a t  the oxide-s i l icon iqterface. One can determine from 
the C-V curves the e f f e c t i v e  dens i ty  of charge i n  the oxide or 
a t  the sur face .  
One can s tudy the effects of h e a t  treatment,  aging under.an 
applied bias vol tage,  o r  of i r r a d i a t i o n  on the cnarge in the 
oxide by examining the change i n  the C-V curve.  
Snow e t  a1.118 have developed a model for the i o n i c  motion 
. .  
i n  the oxide which is  i n  exce l l en t  agreement w i t h  the experi- 
mental  r e s u l t s .  It i s  based on a d iv i s ion  of t h e  oxide i n t o  two 
regions: 
1) A thick boundary layer  near the metal-oxide i n t e r -  
face i n  which ion t r anspor t  is  by d i f fus ion ,  and , , 
-37- 
2) The remainder of the oxide where field drift 
.. . 
dominates .. 
Analysis of the C-V curve can be extended to study the 
.' 
distribution and time constants of traps or slow states as 
described.in reference 48. 
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2 .6  Empirical F i n d i n s s  and E f f o r t s  t o  Develop Improved Oxides 
This p a r t  of the l i t e r a t u r e  review is  intended t o  p resen t  
a body of published information tha t  has been recorded by 
i n v e s t i g a t o r s  who are s tudying the effects  of var ious  oxide 
prepara t ion  and t reatment  processes w i t h  the purpose of creat- 
ing  improved oxides.  These empirical ,  and i n  many cases 
seemingly unrelated,  pieces  of information have n o t  been w e l l  
explained t h e o r e t i c a l l y .  However, t h i s  information, combined 
w i t h  similar information now being developed i n  var ious  
l abora to r i e s ,  must form the bas i s  of a good basic t h e o h t i c a l  
understanding of the p resen t  problems of high threshold 
vo l t age  and i n s t a b i l i t y  i n  MOS t r a n s i s t o r s .  
2.6.; Bnercy R a n d  D i a s r a m  
W i l l i a m s 1 3 9  experimented w i t h  the photoemission of 
e l e c t r o n s  from s i l i c o n  i n t o  s i l i c o n  dioxide and w a s  able t o  
draw the energy diagram i n  Figure 4. 
Besides uncovering energy r e l a t i o n s h i p s  expressed i n  the 
diagram, he found t r a p s  i n  the oxide a t  a l e v e l  below 2 e V  
b e l o w  the conduction band of the S i 0 2 .  H e  found that he could 
f i l l  these t r a p s  by i r r a d i a t i n g  w i t h  u l t r a v i o l e t  l i gh t  and 
then  empty t h e m  w i t h  v i s i b l e  l i g h t .  The dens i ty  of t r a p s  
-39- 
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w a s  -3 x 1O14/cm3 with a capture  cross sec t ion  of 10-12 cm2. 
The mobi l i ty  of e l ec t rons  i n  the oxide i s  20 t o  40 cm2 per 
vrrlt-sec. 
2.6.2 A s y m m e t r y  of Oxide Leakaqe Current 
. I  
Hofstein55 showed tha t  i n  a l k a l i  ion-free oxides,  i ons  
suspected of being protons can be moved from the s i l i c o n  
toward t h e  m e t a l  a t  a rate up t o  f i v e  orders  of magnitude 
f a s t e r  than movement from t h e  metal toward the  s i l i con . ’  This, 
he pos tu l a t e s ,  i s  due t o  t r aps  a t  the metal-oxide i n t e r f a c e .  
The t r u e  charge mobil i ty  i n  the oxide is that represented by 
motion toward the  m e t a l .  
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2.6.3 Gold Doped S i l i c o n  
Sah e t  a174 reported on how gold doping of t h e  s i l i c o n  
a f f e c t s  t h e  C-V c h a r a c t e r i s t i c s  of  MOS capac i tors .  
2.6.4 Redis t r ibu t ion  of Impuri t ies  Durinq Oxidation 
D e a l  e t  a l l 9  have found the  MOS,structure u s e f u l  i n  t h e  
s tudy of t he  amount of r e d i s t r i b u t i o n  of var ious  impur i t ies  
during thermal oxidat ion.  
2-6.5 Hydroqen and Hydroxyl 
L e e  68-70 has  done extensive work studying t h e  d i f f u s i o n  
of hydrogen i n  fused s i l i c o n  and has discussed t h e  r o l e  of t h e  
hydroxyl i n  t h i s  connection. 
Heating (200 t o  35OoC, 5 min.) a n  MOS capac i tor  (p-type 
S i )  i n  hydrogen causes an n-type inversion l a y e r  t o  f o r m  i n  
the  p-type s i l i c o n  surrounding t h e  m e t a l  e l ec t rode  9 ,142  
Olmstead e t  a lgo  a l s o  r e p o r t  t h a t  hea t ing  i n  hydrogen (625OC, 
15 min.) induces an  n-type layer  which can be removed by bak- 
ing  i n  oxygen, ni t rogen,  argon o r  vacuum (3  t o  10 min. a t  500 
t o  8OO0C) ,  Balk '  s tud ied  i n  d e t a i l  the effects of hydrogen 
and i n f e r r e d  t h a t  the  H2 treatment a n n i h i l a t e s  f a s t  states.  
Balk says  t h a t  if these  s t a t e s  a r e  r e l a t e d  t o  vacancies 
-41- 
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accompanied by chemically unsaturated bands and unpaired 
e l ec t rons  near  the in t e r f ace ,  then the H2 annealing may 
chemically s a t u r a t e  these  bands a t  t h e  vacancies.  
, 
2.6.6 H e a t  Treatment 
Lehmanyl has  s tud ied  the e f f e c t s  of var ious  f a b r i c a t i o n  
va r i ab le s ,  such as the  gate  metal, heat treatment temperature 
o r  ambient gas, on the  sur face  conduction p rope r t i e s  of pass i -  
va ted  junc t ion  devices.  
anneal ing w e r e  descr ibed by Cheroff e t  a115,14. 
The e f f e c t s  of  l o w  temperature 
Revesz and Zainingerlo4 have discussed the inf luence  of 
oxida t ion  ra te  and h e a t  treatment on the su r face  state 
dens i ty .  
i s  thought t o  fac i l i t a te  t h e  incorporat ion of hydroxyl through 
d e f e c t  r eac t ions .  
They mention tha t  the presence of boron and Si02 
St ick ler125 s tud ied  the s t r u c t u r e  of thermally grown 
oxides as a funct ion of var ious h e a t  t reatments  and found that 
uniform f i l m s  can be obtained which conta in  gross  de fec t s  such 
as cracks r e s u l t i n g  from spec ia l i zed  heat treatments.  
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2.6.7 Phosphosi l icate  Layer 
A v a r i e t y  of independent experiments6lr65 have shown t h a t  
the presence of  a phosphosi l icate  l a y e r  over t h e  oxide has  a 
s t a b i l i z i n g  e f f e c t  on the  e l e c t r i c a l  p rope r t i e s  of the  oxide 
and oxide-s i l icon i n t e r f a c e .  
2.6.8 Charqe Species Responsible f o r  Oxide I n s t a b i l i t v  
The i d e n t i t y  of t he  c a t i o n i c  spec ie s  responsible  f o r  
oxide i n s t a b i l i t y  has  no t  been d e f i n i t e l y  determined. It has 
been suggested by Thomas and Young129, and by Seraphim e t  
a1.113 t h a t  t he  c a t i o n  may be an oxygen vacancy i n  the  oxide 
f i lm.  This seems implausible i n  view of r ecen t  measurements 
of  the d i f f u s i o n  cons tan t  and d i f f u s i o n  a c t i v a t i o n  energy of 
khe i o n i c  spec ie s  respons ib le  f o r  p o l a r i z a t i o n  of the oxidg;3. - 
Hydration of the oxide has  been shown by Kuper and N i c Q l l i a n  ' 67 
-*. .~ 
-*,. 
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t o  se t  up a condi t ion  of r eve r s ib l e  i n s t a b i l i t y .  ' .  
2.6.9 Impur i t ies  
Snow e t  a1118 and Logan anG Kerr84 have i n t e n t i o n a l l y  
, >  . .  
contaminated oxides w i t h  a l k a l i  ions  and have shown that  such - .. 
oxides e x h i b i t  t he  i n s t a b i l i t i e s  found i n  p lanar  p a s s i v a t e d .  
t r a n s i s t o r s  and MOS devices.  
( 
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Busen and Lindmayerll have s t u d i e d  the e f f e c t  of 
impuri t ies  and s t r u c t u r a l  parameters on s i l i c o n / s i l i c o n  oxide 
in t e r f aces  and r e l a t e d  the r e s u l t s  t o  t h e i r  he te ro junc t ion  
model. 
Seraphim e t  a1.113 have found t h a t  when the  S i 0 2  is  doped 
w i t h  B2O3 and is then e l e c t r i c a l l y  biased, it is  poss ib le  t o  
cause the charges t o  move within i t s  oxide t o  the point  where 
a f t e r  the b i a s  is  removed the  s i l i c o n  surface po ten t i a l  is  
pos i t ive .  
Yamin141 found tha t  d i f fus ion  of boron i n t o  a 
phosphorus -s t a b i  1 i ze d oxide destroys the  s t a b i l i z a t i o n ,  while 
even a l i g h t  phosphorus d i f fus ion  over a boron-diffused oxide 
r e s to re s  t he  Stabi l i ty .  
c 
I 
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2.7 Radiation Effec ts  
2.7.1 O p t i m i s t i c  Predict ions 
It w a s  p r e d i ~ t e d ~ ~ ~ , ~ ~ ~  tha t  MOS t r a n s i s t o r s  might be more 
t o l e r a n t  of r a d i a t i o n  than b ipo la r  t r a n s i s t o r s  because they are 
major i ty  carrier devices.  6 I n  this  reasoning, the assumption was  
made tha t  the f a i l u r e  mechanism would be either degradation of 
mobi l i ty  o r  change i n  the dens i ty  of mobile charges. 
2.7.2 Gamma Radiation 
Unfortunately,  when MOS t r a n s i s t o r s  w e r e  tested by Hughes 
and GirouxS7 i n  a C060 source,  it w a s  discovered tha t  the channel 
conductance and transconductance were severe ly  degraded by 
exposure t o  2 x lo5 rads, even though the bulk conduct ivi ty  and 
l i f e t i m e  changes are neg l ig ib l e  t o  absorbed dose levels of 106 
rads. This degradation w a s  a t t r i b u t e d  t o  ion iza t ion  i n  the 
t r a n s i s t o r  by Compton electrons produced by t h e  gamma rad ia t ion .  
Hughes and Giroux58 used an  MOS s t r u c t u r e  t o  s tudy the 
effects of ion iz ing  r a d i a t i o n  on the Si-Si02 in t e r f ace .  
found tha t  the leakage cu r ren t  increase tha t  caused the Telstar 
f a i l u r e  ( w h i c h  w a s  explained by B l a i r 8  and Peck, e t  a1.93 as 
being due t o  i o n i z a t i o n  of the gaseous ambient and the subsequent 
d r i f t  of these ions i n  the f r ing ing  e lectr ic  f i e l d  a t  the edge 
They 
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of the  junctLon) could be dupl icated on devices i n  a vacuum of 
<lo-' Torr. 
Sonder and Templeton have s tud ied  the  energy levels 
introduced i n  s i l i c o n  i n  gamma radiation120-122. 
2.7.3 Fast Neutrons 
Raymond e t  a1.102 i r r a d i a t e d  MOS t r a n s i s t o r s  with f a s t  
neutrons up t o  5 x 1014 NVT and found t h a t  the most s i g n i f i c a n t  
neutron-induced parameter change is i n  the threshold  vol tage.  
Although they noted that  comparison of t h e  behavior of the MOS 
and the b i p o l a r  t r a n s i s t o r  i s  d i f f i c u l t  because of the lack of 
I 
good cr i ter ia ,  they concluded t h a t  MOS t r a n s i s t o r s  have shown a 
p o t e n t i a l  advantage i n  r a d i a t i o n  environments compared t o  junc- 
t i o n  and b i p o l a r  t r a n s i s t o r s .  
Messenger85 exposed MOS t r a n s i s t o r s  t o  r e a c t o r  neutrons and 
showed tha t  t h e  neutrons produced displacement damage i n  the form 
of p o s i t i v e l y  charged oxygen vacancies i n  t h e  oxide l a t t i ce  or a t  
the S i - S i O 2  i n t e r f a c e .  
2.7.4 Elec t ron  I r r a d i a t i o n  
The effects  of e l e c t r o n  (1 .5  MeV) i r r a d i a t i o n  on P-MOST'S 
w e r e  examined by Stanley124. He found t h e  d r a i n  leakage c u r r e n t  
-46 - 
t o  rise beginning a t  a dose l e v e l  of about 5 x 10l2 electrons/cm2. 
The turn-on vol tage  increased  with t o t a l  e l e c t r o n  flwr,and a f t e r  
a t o t a l  dose of 5 x lo1* e / c m 2  it w a s  no longer  poss ib le  t o  t u r n  
t 
. 
on the device.  A f t e r  i r r a d i a t i o n  t h e  leakage c u r r e n t  decayed 
very  slowly, reaching the pre-irradiation l e v e l  a f t e r  s e v e r a l  
months s torage  a t  room temperature. This w a s  accompanied by a 
very  gradual lowering of turn-on voltage.  S tan ley  explained 
these r e s u l t s  i n  terms of  an induced n-type invers ion  l a y e r  i n  
the p-type d ra in  region. 
Szedon and Sandor127 used low energy (10-16 KeV) e l e c t r o n s  
They found that a p o s i t i v e  charge t o  i r radiate  MOS capac i tors .  
w a s  induced i n  the oxide and were able t o  remove it by annealing 
f o r  f i f t e e n  minutes a t  150 t o  20OoC. 
Green e t  a1.36 mention t h a t  e l e c t r o n  i r r a d i a t i o n  of varying 
energy can be used t o  s tudy t h e  loca t ion  of damage s i tes  that 
affect  device performance. 
2.7.5 Flash X-Ray  
Sullivan126 s tud ied  the response of MOS t r a n s i s t o r s  t o  flash 
X-ray r ad ia t ion ,  and found t h a t  the p r i n c i p a l  e f f e c t s  w e r e  leakage 
c u r r e n t  through t h e  oxide between the  ga te  and s u b s t r a t e  and 
through the dra in-subs t ra te  p-n junct ion.  
-47 - 
Kreuger and Griffin66 a l s o  used flash X-ray r a d i a t i o n  and 
s tud ied  the effect  on both p-channel and n-channel s i l i c o n  MOS 
thin-f i lm t r a n s i s t o r s  on a sapphire subs t r a t e .  
such devices w e r e  easier t o  analyze because they  have a lower 
l e v e l  of i s o l a t i o n  junc t ion  photocurrent.  
They noted that  
2.7.6 Ion iza t ion  i n  G a s  Discharqe 
Estrup26J27 has used a gas discharge t o  create both 
p o s i t i v e  and negat ive ions  which he used i n  a v a r i e t y  of ways 
t o  s tudy the su r face  effects of gaseous ions  and e l e c t r o n s  on 
semiconductor devices.  
2 .7 .7  Improved Resistance t o  Radiation 
It has been reported144 tha t  s i l i c o n  p lanar  t r a n s i s t o r s  
which had had the oxide formed i n  dry oxygen show a h igher  
t o l e rance  l e v e l  t o  r a d i a t i o n  than do oxides formed i n  w e t  
oxygen. 
2 . 8  Conclusions 
This body of l i t e r a t u r e  provides the necessary background 
t o  suppor t  a better understanding of the  present  s t a t u s  of MOS 
and r e l a t e d  p lanar  device technology as a basis f o r  f u r t h e r  
-48- 
experimental  work and f o r  p red ic t ing  technologies which are 
l i k e l y  t o  r e s u l t  i n  improved MOS devices. 
-49- 
1. 
2 .  
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
LIST OF REFERENCES 
Adams, R. V. and R. W. Douglas, *"Inf ra- red  S tudies  on 
Various Samples of Fused S i l i c a  W i t h  S p e c i a l  Reference 
t o  t h e  Bands .Due t o  Water", J. SOC. G l a s s  Technology, 
- 43, 147-T-l58T, (1959). . 
Ahrons, R. W-,. M. M. Mitchel l ,  and J. R. Burns, "MOS 
Micropower Complementary T r a n s i s t o r  Logic", 1965 Sol id  
S t a t e  C i r c u i t s  Conference, FAM 8 . 2 .  
A t a l l a ,  M. M.,  "Semiconductor Surfaces  and Films: The 
Si l icon-Si l icon  Dioxide Systems", i n  P rope r t i e s  o f '  
Elemental and Compound Semiconductors, Me ta l lu rg ica l  
Soc ie ty  Conferences, 5, 163-181, I n t e r s c i e n c e  Pub- 
lishers, New York, (1959). 
A t a l l a ,  M. M. ,  A. R. Bray, and R. Lindner, " S t a b i l i t y  
of Thermally Oxidized S i l i con  Junct ions  i n  W e t  A t m o s -  
pheres",  Proc. I R E ,  106, 1130-1137, (1959).  
A t a l l a ,  M. M. ,  E. Tannebaum, and E. 5. Scheibner, 
" S t a b i l i z a t i o n  of S i l i c o n  Surfaces by Thermally G r o w n  
Oxides", B e l l  System Tech. Journa l ,  3 3  749-784, (1959). 
B a l k ,  P. "Effects  of Hydrogen Annealing on S i i i c S i ;  
Surfaces" ,  1965 Spring Meeting Electrochem Society,  
San Francisco, Abstract  # l o g ,  May 1965. 
B e l l ,  T., G. Hetherington, and K. H. Jack, "Water i n  
V i t r e o u s  S i l i c a ,  P a r t  2: Some Aspects of Hydrogen-Water- 
S i l i c a  Equilibrium", Physics and Chemistry of Glasses, 
-8 3 141-146, (1962). 
B l a i r ,  R. R., "Surface Effec ts  of Radiation on Trans is -  
tors" ,  IEEE Trans Nuclear Science, NS-10, # S I  35-44, 
(1963). 
Blum, J., R. Warwick, H. M. Pol lack,  and M. Genser, 
"Surface S tudies  W i t h  S i l i con  Planar  Junc t ion  S tudies" ,  
Spring Meeting Electrochem Society,  Toronto, Abstract 
#55, May 1964. 
Burns, J. R.,  "Switching Response of Complementary 
Symmetry MOS T rans i s to r  Logic C i r c u i t s " ,  RCA R e v i e w  25, 
627-661, (1964). 
-50- 
11. Busen, K. M. and J. Lindmayer, "Effect of Impurities 
and Structural Parameters on Silicon/Silicon Oxide 
Interfaces'', Trans. Met. SOC., AIM, - 233, 536-539, (1965). 
12. Castrucci, P. P. and J. S .  Logan, "Electrode Control 
of Si02 - Passivated Planar Functions", IBM Journal, 
- 8, 394-399, (1964). 
13. Chang, L. I;. and H. N. Yu, "The: Germanium Insulated Gate 
. Field Effect Transistor (FET)", Proc. IEEE 53, 316-317, 
(1965). 
14. Cheroff, G., F. Fang., and F. Hochberg, "Effect of Low 
Temperature Annealing of the Surface Conductivity of 
Si in the Si-Si02-Al System", IBM Journal, 8, 416-421, 
(1964). 
15. Cheroff, G. F., I?. Fang. , and' D. P. Seraphim, "Thres- 
hold of Metal-Oxide-Silicon Field Effect Transistors", 
Recent News Paper, Spring Meeting Electrochem. SOC., 
San Francisco, May 1965, J. Electrochem. SOC. 112, 150c. 
16. Clark, L. E., "Determination of Conductivity Type From 
Capacitance Measurements on MOS Diodes", IEEE Trans 
Electron Devices, ED-12, 390-391, (1965) . 
17. Collins, F. C., "Electrochemical Behavior of Grown Oxide 
Films on Silicon" , 1965 Spring Meeting Electrochem 
Society, San Francisco, Abstract #95, May 1965, J. 
Electrochem SOC. 112, 786-791, (1965). 
18. Deal, B. E., A. S. Grove., E. H. Snow, and C. T. Sah, 
"Recent Advances in the Understanding of the Metal- 
Oxide-Silicon System", AIME Conference of Electronic 
Materials, Boston, September 1964, a l so  Trans of Met. 
SOC. AIME 233, -'524-529, (1965). 
19. Deal., B. E., A. S. Grove, E. H. Snow, and C. T. Sah, 
"Observation of Impurity Redistribution During Thermal 
Oxidation of Silicon Using the MOS Structure", 1964 
F a l l  Meeting, Electrochem$cal Society, Washington,' 
Abstract #130, October 1964, J. Electrochem SOC. 112, 
308-314, (1965) . 
-51- 
20 . 
21. 
22 .  
23. 
24. 
25. 
26. 
27 .  
28. 
29. 
. . .  
- i  
Deal, B. E: and M. Sklar,  "Thermal Oxidation of Heavily 
Doped S i l i c o n " ,  J. Electrochem. SOC. x,, 430-435, (1965). 
D e a l ,  B. E., "The Oxidation of S i l i c o n  i n  Dry Oxygen, 
W e t  Oxygen and Steam", J. Electrochem SOC., m, 
527-533, (1963) . 
Delord, J, F., D. G.  Hoffman, and G. S t r i n g e r ,  " U s e  of 
MOS Capaci tors  i n  Determining P rope r t i e s  of Surface 
States  a t  t h e  Si-Si02 In t e r f ace" ,  1965 Spring Meeting, 
American Physical  Society,  Washington, (Paper W 9 ) ,  
(Apri l  1965). 
Donovan, R. P., "Formation and P rope r t i e s  of Oxide on . 
Si l i con" ,  Fourth Annual Microelectronics  Symposium, 
S t .  Louis Sect ion IEEE,  hay 1965, Symposium Proceedings, 
4A-1 - 4A-23. 
Duffek, E. F., E. A. Benjamini,and C. Mylorie, "The 
Anodic Oxidation of  S i l i c o n  i n  Ethylene Glycol Solut ion",  
Abstract  X77, 1964 Spring Meeting Electrochem SOC., 
Toronto. 
Dunn, T., G. Hetherington, and K. H. Jack, '?he H i g h -  
Temperature E l e c t r o l y s i s  of  Vitreous S i l i c a ,  P a r t  2: 
A L L * " -  7 \ r r + 4 r 7 n  I---_- r+rodes and Anisotropic  E lec t ro ly t e s" ,  Physics 
and Chemistry of Glasses, 6, 16-23, (1965). 
Estrup, P, J., "Surface Charge on S i l i c o n  Induced by 
Ambient Ion iza t ion" ,  Sol. State Electr., S,  535-541, 
(1964) . 
Estrup, P. J., "Surface Ef fec t s  o f  Gaseous Ions and 
Elec t rons  on Semiconductor Devices", IEEE Trans. Nuclear 
Science NS-12, 431-435, (1965). ' 
Feuersanger, A. E. and D. R. Frankl,  " H i g h  Frequency 
Surface Varactors" ,  IEEE Trans. E lec t ron  Devices ED-10, 
143-149, (1963). 
Frankl ,  D. R., "Some Effec ts  of Material Parameters on 
the Design of Surface Space-Charge Varactors",  So l id  
S t a t e  E lec t ron ic s ,  2, 71-76, (1961). 
-52- 
.. 
I 32. 
33. i 
34. I i 
35. 
I 
36. 
37. 
38. 
Frosch, C. J. and 
S e l e c t i v e  Masking 
Electrochem. SOC. 
F u l l e r ,  C. R. and 
L. Derick, "Surface Protection and 
During Diffusion i n  S i l i con" ,  J. ... 
104, 547-552, (1957) . 
R. A. Logan, " E f f e c t  of H e a t  Trkat- 
ment Upon t h e  Elec t r ica l  P r o p e r t i e s  of S i l i c o n  Crystals",  
J. A p p l .  Phys., 28, 1427-1436, (1957). 
F u l l e r ,  C. R. and S. S. Baird, "Depositions of S i l i c o n  
Dioxide Films by Means of Reactive Sput te r ing" ,  Spring 
Meeting Electrochem SOC., Pi t tsburgh,  Abstract #65, 
A p r i l  1963. 
F u l l e r ,  C. R. and F. J. Strei ter ,  "S i l i con  Oxidation", 
Spring Meeting Electrochem SOC., Toronto, Abstract #74, 
May 1964. 
Goetzberger, A, " R i n g - D o t  Impedance Measurement, A 
Simple Technique f o r  Measuring Inversion-Layer Conductance 
i n  Semiconductors", I E E E  Trans .  E lec t ron  Devices, ED-12, 
118-121, (1965). 
Goetzberger, A . ,  "Reduction of Surface Charge on Sip2 by 
Oxidation Under B i a s " ,  R e c e n t  News Paper, 1965 Spring 
Meeting Electrochem Society,  San Franvisco, 1965, J. 
Eiectxocheiii SSZ. 112, 15nc, 4 
Green, D., J. E. Sandor, T. W. O'Keefe, and R. K. Matta, 
"Reversible Changes i n  T r a n s i s t o r  Characteristics 
Caused by Scanning Electron Microscope Examination", 
Applied Physics Letters,  6, 3-4, (1965). 
Green, D. and H. C. Nathanson, "Observation of Inversion 
Layers Under Insu la ted  Gate Electrodes Using a Scanning 
E lec t ron  Microscope", Proc. IEEE 53, 183-184, (1965). 
Griggs,  D. T. and J. D. Blacic,  "Quartz:  Anamalous 
Weakness of Synthe t ic  Crys ta l s" ,  Science 147, 292-295, 
(1965). 
-53- 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
Grove, A. S., B. E. Deal, E. H. Snow, and C. T. Sah, 
" Inves t iga t ion  of Thermally Oxidized S i l i c o n  Surfaces 
Using Metal-Oxide-Semiconductor S t ruc tu res  I ( ,  Technical 
Rep. #177, Fa i r ch i ld  Semiconductor, Research and De- 
velopment Laboratory. ' Sol id  State Electronics,  E, 
145-163, (1965). Presented a t  t h e  IEEE Sol id  S t a t e  
Device Research Conference, Boulder, Colorado, Ju ly  1964. 
Grove, A.  S., E. H .  Snow, B. E. D e a l  and C. T. Sah, 
"Simple Physical Model f o r  the Space-charge Capacitance 
of Metal-Oxide-Semiconductor S t r u c t u r e s " , . J .  Appl. Phys., 
_c 35, 2458-2460, (1964). 
Grove, A.  S. ,  0. Leistiko, Jr., and C. T. Sah, "Re= 
d i s t r i b u t i o n  of Acceptor and Donor I m p u r i t i e s  During 
Thermal Oxidation of S i l icon" ,  J. Appl. Phys., 35 ,  2695- 
2701, (1964) . 
Grove, A .  S. and D. J. F i tzgera ld ,  "Surface Effects on 
S i l i c o n  PN Junctions: The Origin of Anomalous Channel 
Currents",  Sol id  S t a t e  Device Research Conference, 
Princeton, June 1965. 
Hal l ,  R. and J. White, "Surface Capacitance of Oxide- 
Coated Semiconductors',  Solid State E lec t ron ic s ,  8, 
211-226, (1965 j . 
Heiman, F. P. and S. R. Hofstein,"The S i l i c o n  Insu la ted  
Gate F ie ld  Ef fec t  Trans is tor" ,  E lec t ron  Devices Meeting, 
Washington, D. C., 1962. 
Heiman, F. P . ,  K. H. Zaininger,  and G. Warfield,  " D e t e r -  
mination of Conductivity Type From MOS Capacitance 
Measurements", Proc. IEEE 52, 863-864, (1964) . 
Heiman, F. P. and S. R. Hofstein,  "Metal-Oxide-Serni- 
conductor Field-Effect  Trans is tors" ,  37, #30, Electronics 
50-61, (1964). 
Heiman, F. P. and H. S. M i i l l e r ,  "Temperature Dependence 
of N-Type MOS Trans is tors" ,  IEEE Trans.  E lec t ron  Devices, 
ED-12, 142-148, (1965). 
-54- 
I 
I 
. .  48. Heiman, F. P. and G. Warfield,  "The Ef fec t s  of  Oxide 
Traps on MOS Capacitance", IEEE Trans  E lec t ron  Devices, .  
ED-12, 167-178, (1965) . . .  
49. Hetherington, G., K. H. Jack, and M. W. Ramsay, "The 
High-Temperature E lec t ro lys i s  of Vi t reous '  S i l i c a ,  
P a r t  I. Oxidation Ul t r av io l e t  Induced Fluorescence,  and 
I r r a d i a t i o n  Colour", Physics and Chemistry of Glasses, . . e 
- 6, 6-15, (1965). 
50. Hilbourne, R. A. and J. F. M i l e s ,  "The Metal-Oxide 
Semiconductor Trans is tor" ,  E l e c t r o n i c  Engineering 37, 
156-160, (1965) . 
51. Hoerni, J. A., "Planar S i l i con  Trans is tors  and Diodes", 
1960 Electron Devices Meeting, Washington, D. C .  _. . .  
52. Hofstein,  S. R. and F. P. Heiman, "The S i l i c o n  Insu la ted  ' 
Gate Field-Effect  Transis tor ." ,  Proc. IEEE,  51, #9, 1190- 
1202, (1963). 
53. Hofstein,  S. R., K. H. Zaininger,  and G. Warfield,  
"Frequency Response of t h e  Surface Inversion Layer of 
S i l i con" ,  Proc. IEEE 52, 971-973, (1964). 
54. Hofstein,  S, R. and G. Xzxfielc?; "Physical L i m i t a t i o n s  
on t h e  Frequency Response of a Semiconductor Surface 
invers ion  Layer", Sol id  S t a t e  Elec t ronics ,  8, 321-341, 
(1965) . - 
55. Hofstein,  S. R., "A Model f o r  Charge Motions and In- 
s t a b i l i t y  i n  t h e  Metal-Silicon Oxide S i l i c o n  S t r u c t u r e ' ,  
I E E E  Sol id  S t a t e  Device Research Conference, Pr inceton,  
N. J., (June 1965).  
. 
56. Holland, L., "The Proper t ies  of Glass Surfaces",  John 
Wiley & Sons, Inc.  (1964). 
57. Hughes, H. L. and R. R. Giroux, "Space Radiation A f f e c t s  
MOS FET's" ,  E lec t ronics ,  37, #32, 58-60, (1964). 
58. Hughes, H. L. and R. A .  Giroux, "Surface Ef fec t s  of 
Space Radiation on S i l i con  Devices", IEEE Annual Con- 
ference on Nuclear and Space Radiation Ef fec t s ,  
July.;12; 1965.' e 
1 -55- 
59. Ihantola ,  H. K. J., "Theory of a Surface-Field-Effect 
Trans is tor" ,  Stanford Electronics  Laboratory Technical 
Report #1661-1, (1961). 
60. Ihantola ,  H. K. J. and J. L. Moll, "Design Theory of  a 
Surface Field-Effect Trans is tor" ,  So l id - s t a t e  Electronics 
- 7, 423-430, (1964). 
61. Ing, S. W , ,  R. E. Morrison, L. L. A l t ,  and R. W. Aldrich,  
"Gettering of  Metallic Impuri t ies  Fron Planar S i l i c o n  
Diodes", J. Electrochem. SOC. 110, 533-537, (1963). 
62. Johnson, J. E.,  "Physical Processes i n  Insulated-Gate 
Field-Effect Transistors", Sol id  State Electronics, 2, 
861-871, (1964). 
63. Jorgensen, P. J., "Effect of an  Electric F ie ld  on S i l i c o n  
Oxidation", J. C h e m .  Phys., 37, 874-877, (1962). 
64. Kzhng, D. and M. M. A ta l l a ,  "Si l icon-Si l icon Dioxide 
F ie ld  Induced Devices", 1960 Sol id  S t a t e  Device Research 
Conference, P i t t sburgh ,  Pa.  
65. K e r r ,  D. R., J. S. Logan, P. J. Burkhardt, and W. A. 
Pl iskan,  " S t a b i l i z a t i o n  of Si02 Pass iva t ion  Layers With 
P205", IBM Journal ,  E, 3?6-354, (1964). 
66. Krueger, A. F. and E. E ,  G r i f f i n ,  Jr., "Transient  Radia- 
t i o n  E f f e c t s  on Thin Film Field Ef fec t  Transis tors" ,  
IEEE Annual Conference on Nuclear  and Space Radiation 
Ef fec t s ,  J u l y  12, 1965. 
67. Kuper, A. A. and E. H. Nicol l ian,  "Effec t  of Oxide 
Hydration on Surface Poten t ia l  of Oxidized P. Type 
S i l i con" ,  1964 F a l l  Meeting, Electrochem SOC., Abstract  
#131, J. Electrochem SOC. 112, 528-530. (1965). 
68. Lee ,  R. W., R. C. Frank, and D. E. Swets, "Diffusion of 
Hydrogen and Deuterium i n  Fused Quartz",  J. Chem. Phys. 
- 36, 1062-1071, (1962). 
69. Lee ,  R. W. Diffusion of Hydrogen i n  Natural  and Syn- 
the t ic  Fused Quartz" ,  J. Chem. Phys., 38, 448-455, (1963). 
-56 - 
70. Lee,  R. W., "On the R o l e  of Hydroxyl i n  t h e  Diffusion 
of Hydrogen i n  Fused Si l ica" ,  Phys.. C h e m ; ' G l a s s e s ,  ;g; ' . I ,  
35-43, - (1964) 
71. Lehman, H. S. "Chemical and Ambient E f fec t s  on Surface 
Conduction and Passivated S i l i con  Semiconductors", 
IBM Journal ,  8, 422-426, (1964) . 
72. Lehovec, K., A. Slabodskoy, and J. L. Sprague, "Field 
Effect-Capacitance Analysis of Surface S t a t e s  on Sili- 
con", Phys. S t a t .  Sol., 3, 447, (1963). 
73. Lehovec, KO and A. Slobodskoy, "Impedance of S e m i -  
conductor-Insulator-Metal Capacitors",  Sol id  S t a t e  
Elec t ronics  1, 59-79, I (1964). 
74. Lehovec, K., P. Ho, and L. Eedotowsky, "Transient  E f fec t s  
i n  MOS S t ruc tu res  Induced by  Changes of Temperature and 
of I ts  Ambient Atmosphere", IEEE Sol id  S ta te  Device 3e- 
search  Conference, Princeton, N. J., June 1965 . 
75. Lieberman, M. A.-and G. Averkion, "Control of S i l i c o n  
Oxidation R a t e  by Varying Water Vapor Preqsure", 1965 
Spring Meeting Electrochem SOC., San Francisco, Abstract 
#91, 
76. Ligenza, J. R. and W. G. Spitze i - ,  "Tk.,e Kerhanisms f o r  
S i l i c o n  Oxidation i n  Steam and Oxygen", J. Phys. Chem. 
So l ids ,  l4, 131-136, (1960). 
77. Ligenza, J. R., "Oxidation of S i l i c o n  by High-Pressure 
Steam",  J. Electrochem SOC. 109, 73-76, (1962). 
78. Ligenza, J. R., "S i l icon  Oxidation i n  an Oxygen Plasma", 
1964 Spring Meeting Electrochem SOC . , Toronto, Abstract 
#73 c 
79. Ligenza, J. R. and E. I. Povilonis,  "Deposition Of S i l i -  
con by Sput te r ing  Through Plasmas", 1964 F a l l  Meeting, 
Electrochem SOC., Washington, Abstract #138. 
80. Lindmayer, J., "Heterojunction Proper t ies  of t h e  Oxidized 
Semiconductor"., sol .  S t a t e  E l e c . ,  f38 523-528, (1964) . 
I -57- 
. 1 
81. Lindmayer, J., "Current Transients  i n  Insu la tors" ,  J. 
Appl. PhyS. 36,  196-201, (1965) . 
82. Lindmayer, J. and K. M. Busen, "The Semiconductor-Oxide 
I n t e r f a c e  as a Heterojunction",  Trans.  M e t .  SOC. AIME, 
- 233, 530-535, (1965) . 
83 . Lindner, R., "Semiconductor Surface Varactor",  BSTJ, 
- 41, 803-831, (1962) . 
84. Logan, J. S. and D. R. Kerx,"Migration R a t e s  of A l k a l i  
Ions i n  Si02 Films", Sol id  S t a t e  Device Research Con- 
ference,  Princeton, N. J., June 21-23, 1965. 
85. Messenger, G. C. and E. J. S tee le ,  "Displacement Damage 
i n  MOS Trans is tors" ,  IEEE Annual Conference on Nuclear 
and Space Radiation Ef fec t s ,  J u l y  1 2 ,  1965. 
86. Metz, E. D., "Si l icon Trans is tor  F a i l u r e  Mechanisms 
Caused by Surface Charge Separation",  Physics of F a i l u r e  
i n  Elec t ronics ,  V o l .  2 ,  Goldberg and Vaccaro, eds., 
RADC S e r i e s  i n  R e l i a b i l i t y  AD 434329, (1964). 
87. Moll, J. L., "Variable Capacitance With Large Capacity 
Change", 1959 Wescon Convention Record. 
88. Nicol l ian,  E. H. and A. Goetzberger, "Lateral AC Current 
F l o w  Model for Metal-Insulator-Semiconductor Capacitors",  
IEEE Trans Electron Devices, ED-12, 108-117, (1965) . 
89. Nicol l ian ,  E. H. A. Goetzberger, "Measurement of  Fas t  
Surface S t a t e  Parameters by t h e  AC Conductance Method", 
I E E E  Sol id  S t a t e  Device Research Conference, Pr ince ton ,  
N. J., June 1965. 
90. Olmstead, J., J. Sco t t ,  and P. Khznetzoff, "Hydrogen- 
Induced Surface Space-charge Regions i n  Oxide-Protected 
S i l i con" ,  IEEE Trans. E l e c t .  Devices, ED-12, 104-107, 
(1965) . 
91. Owen, A. E., R. W' Douglas, "The Electrical Proper t ies  
of  V i h e o u s  S i l i c a " ,  J. SOC. G l a s s  Tech., 43, 159T-l78T, 
(1959) . 
-58- 
92. Owen, A. E., "Propert ies  of Glasses i n  t h e  System 
CaO-Bz03-Al203, P a r t  1, The D.C. Conductivity and 
S t ruc tu re  of Calcium Boroaluminate Glasses", Phys. 
and Chem. of Glasses, 2, 87-98, (1961). 
I 
I 
i 
93. Peck, D. S., R. R. B l a i r ,  W. L. Brown, and F. M. Smits, 
1 "Surface Ef fec t s  of Radiation on Transistors",  BSTJ 42, 
i 
95-130, (1963). 
r 94. Peterson, D. R., H. B. B e l l ,  and A. L. Epstein,  "Passi- 
va t ion  of Semicondu6tor Surfaces by Vapor Deposited 
Vitreous Films", 1964 F a l l  Meeting, Electrochem SOC., 
i Washington, D. C., Abstract  #135, 
95. P l i sk in ,  W. A. and H. S. Lehman, "Densif icat ion of 
Pyroly t ic  S i l i c o n  Dioxide Films", 1964 Spring Meeting 
Electrochem SOC., Toronto, Abstract #76. 
I 96. P l i sk in ,  W. A. and R. P. Gnall ,  "Evidence for Oxidation 
Growth a t  t h e  Oxide-Silicon I n t e r f a c e  from Controlled 
Etch Studies" ,  J. Electrochem SOC., 111, 872-873, (1964) . 
97. P l i s k i n ,  W. A. and E. E Conrad, "Nondestructive D e t e r -  
mination of Thickness aAd Refract ive Index of Transparent 
Films", IBM J. Research and Development S,  43-51, (1964). 
98. Pl i sk in ,  W. A, and H, S. Lehman, "Evaluation of S i l i c o n  
Oxide Films", 1964 F a l l  Meeting, Electrochem SOC., 
Washington, D. C' Abstract  #128. 
99. P l i sk in ,  W. A., "React ivi ty  and Bond S t r a i n  of Electron 
Gun Evaporated Si02 F i lms" ,  Recent Newspaper, Spring 
Meeting, Electroch SOC., San Francisco, May 1965, J. 
Electrochem SOC. 112, 148c. 
100. P l i s k i n ,  W. A. and E. E. Conrad,' "Nondestructive D e t e r -  
mination of Thickness and Refract ive Index of Transparent 
Films",  IBM J. Research and Development'.t3, 43-51, (1964). 
101. Proctor ,  T. M. and P. M. Sutton, "Space-Charge Develop- 
ment i n  G l a s s " ,  J. Am. Chem. SOC., 43, 173-179, (1960). 
I 
-59- 
i 
I .  
I I 
i 
I 
I 
I 
I 
I 
I 
I 
I 
i 
I 
1 
1 
102 . 
103 . 
104 . 
105 . 
106 . 
107 . 
108 . 
109 . 
110 . 
111 . 
Raymond, J., E. S tee le ,  and W. Chang, "Radiation Ef fec t s  
i n  Metal-Oxide Semiconductor Transistors",  IEEE Trans 
Nuclear Science NS-12, 457-463, (1965) . 
Revesz, A. G. ''The Defect S t ruc ture  of Grown S i l i c o n  
Dioxide Films", IEEE Trans. Electron Devices, ED-12, 
97-102, (1965). 
Revesz, A. G. and K. H. Zaininger, "Inf luence of Oxida- 
t i o n  Rate and H e a t  Treatment on t h e  Densi ty  of Surface '  
S t a t e s  i n  t h e  Si-Si02 System", Sol id  S t a t e  Device Re- 
search Conference, Princeton, N. J., June 1965. 
Rosier, L. L. , "Surface S t a t e  and Surface Recombination 
Veloci ty  Characteristics of Si-SiO2 Interface", IEEE 
Sol id  S t a t e  Device Research Conference, Pr inceton,  No a., 
June 1965. 
Sah, C. T., "Characteristics of t h e  Metal-Oxide-Semi- I 
conductor T rans i s to r s "  , IEEE Trans E lec t ron  Devices , 
ED-11, 324-345, (1964). 
Schmidt, J. D., " Integrated MOS Transistor Random Access 
Memory", Sol id  S t a t e  Design 6, #1, 21-25, (1965). 
Schmidt, P. F. and A. E '  Owen, "Anodic Oxide Films f o r  
Serv ice  Fabr ica t ion  i n  S i l i con  I. The Controlled In- 
corporat ion of Phosporus With Anodic Oxide Films on 
S i l i c o n " ,  J. Electrochem SOC. 111, 682-688, (1964) . 
Schmidt, P. F. and J. E. Sandor, "The Semiconductor- 
Oxide In te r face" ,  Trans. M e t .  SOC. AIME, =, 517-523, 
(1965). 
Schmidt, P. F., "Electronic  I n t e r a c t i o n  Between Im-  
p u r i t i e s  i n  t h e  Oxide Film. and t h e  Semiconductor Sub- 
s t ra te" ,  IEEE Trans E l e c t r o n  Devices, ED-12, 102-104, 
(1965). 
Schmidt, R., "Growth of Drift-Free S i l i c o n  Dioxide", 
Recent News Paper, 1965 Spring Meeting, Electrochem SOC., 
San Francisco, J. Electrochem Soc. 112, 150c, (1965). 
I 
-60- 
112 . 
113 . 
114 . 
115. 
116 . 
117 . 
118. 
119 . 
120 . 
121. 
Schroen, W., "Influence of Non-Equilibrium Carriers on 
Its Surface Breakdown of N+ -P Diodes and MOS Struc tures" ,  
IEEE Sol id  S t a t e  Device Research Conference, Pr inceton,  
N. J., June 1965. 
Seraphim, D. P., A. E. Brennemann, F. M.'.d'Heufle, .and 
H. L. Friedmann, "Electrochemical Phenomen and Thin Films 
of S i l i con  Dioxide i n  S i l icon" ,  IBM Journal,  E, 400-409, 
(1964) . 
Shockley, W. and G. L. Pearson, "Modulation of Conductance 
of Thin Films of Semiconductors by Surface Charges", 
Phys. Rev. 74, 232-3, (1948). 
Shoakley, W., "A Unipolar 'Field-Effect '  Transis torf ' ,  
Proc. I R E  40, 1365-1376, (1952). 
Shockley, W., H. J. Queisser, and W. W. Hooper, "Charges 
on Oxidized S i l i c o n  Surfaces",  Phys. Rev. Letters, 11, 
489-490, (1963) . 
Shockley, W., W. W. Hooper, H. J. Queisser,  and W. Schroen, 
"Mobile Electric Charges on Insu la t ing  Oxides W i t h  Appli- 
c a t i o n  t o  Oxide Covered S i l i c o n  P-N Junc t ions" ,  Surface 
Science 2, 277-287, (1964). 
Snow, E. H., A. S' Grove, B. E. D e a l ,  and C. Ti Sah, 
"Ion Transport  Phenomena I n  In su la t ing  Films", 1964 
F a l l  Meeting, Electrochem Society,  Washington, Abstract 
#219; a lso J. Appl. Phys. 36, 1664-1673, (1965). 
Snow, E. H., "Ion Migration and Space Charge Po la r i za t ion  
i n  G l a s s  Films", Sol id  S t a t e  Device Research Conference, 
Princeton, N. J., June 21-23, 1965. 
Sonder, E. and L. C. Templeton, " G a m a  I r r a d i a t i o n  of 
S i l i c o n ,  I. Levels i n  N-Type Material containing Oxygen', 
J. Apple Phys. 31, 1279-1286, (1960). 
Sonder, E. and L. C. Templeton, "Gamma I r r a d i a t i o n  of 
S i l i c o n ,  SI.  N-Type F loa t  Zone Material", J. Appl. Phys. - 34, 329-3301, (1963) . 
-6 1- 
122 . 
123 . 
124. 
125 
126 
127. 
128 , 
129 
130. 
131. 
c .  
9 . .  ." ' I  . I .  
, -  
Sondeb, E. and L; C. Templeton, ' "Odmraa' Irradiation '00 . 
Si l i con ,  111. Levels i n  P-Type Material", J. Appl. 
Phy~ .  36, 1813,-L815, (1965) , . .  , .  . .- . 
Sprague, J. L., J. A, Minahan, and 0. J. Wied, "Physical 
and Dielectric Properties of t h e  Metal-Silicon Dioxide-. 
S i l i c o n  System", J. Electrwhem SOC. 109, 94-98, (1962). 
StanSey, A. G., "Effec ts  o f  Electron I r r a d i a t i o n  on 
Metal-Oxide-Semiconductor Transistors", Proc. IEEE, 53, 
627-628, (1965) . 
Stickler,  R., "The St ruc tu re  and Perfec t ions  of Thermally* 
Grown Oxide Films on Si l icon",  Recent News, 1965 Spring 
Meeting, Electrochem soc.8 San Francisco, J. Electrochem 
Sot- 112, 148c, (1965). 
Sul l ivan ,  D. C., "Transient Radiation Induced Response on 
MOS Field Effect Trans is tors" ,  IEEE Annual Conference on 
Nuclear and Space Radiation Effects, July 12, 1965. 
Szedon, J. R, and J, E. Sandor, "The E f f e c t  o f  Ixrw Energy 
Electron I r r a d i a t i o n  of Metal-Oxide-Semiconductor Struc- 
t u re s" ,  Appl. Phys. Letters 5, 181-182, (1965). 
Terman, L. M.0 "An Investigation of Surface States at a 
S i l i c o n / S i l i c o n  Oxide Interface Ehploying Metal-Oxide- 
S i l i c o n  Diodes", Solid State Electronics, 2, 285-289, 
(1962) 
Thomas, 3. E,, Jr.8 and D. R. Young, "Space-Charge Model 
f o r  Surface P o t e n t i a l  S h i f t s  i n  S i l i con  Passivated With 
Thin I n s u l a t i n g  Layers", IBM Journal, t3, 368-375, (1964) 
Tokyama, T., "Passivat ion of S i l i c o n  Devices by lWo 
Layer Oxide Coatings", 1965 Spring Meeting Electrochem 
SOC. , San Francisco, Abstract #92. 
Tung; . S o .  K, andl R, E. Caffrey, !'The. Depositions of Oxide 
.an Silicon .by -*e4 ReactAons of a,.Ms#sl I E a l i d e  W i t h  a 
Hydrogen-Carbon Dioxide Mixutre* 0 Trans'.' bkki$J&w 
572-577, (1965) 
. , * ,  ~ .. 
I '  
\ 
. 
-62- 
132. 
133 . 
134 . 
135 . 
136, 
137, 
138. 
139 . 
140 . 
141 . 
V a l l e t t a ,  R. M., J. A. Per r in ,  and J. Riseman, "Reactively 
Sputtered Si02 Films", 1964 F a l l  Meeting, Electrochem. 
SOC., Washington, Abstract  #137. 
Wallmark, J. T., "The Field-Effect Transis tor  - A 
Review", RCA R e v i e w ,  24, 641-660, (1963). 
Wallmark, J. T., "The Fie ld  Effec t  T rans i s to r  - An Old 
Device With New Promise'', IEEE Spectrum, 1, #3, 182-191, 
(1964) . 
Wanlass, F. M. and C. T. Sah, "Nanowatt Logic Using 
Field-Effect  Metal-Oxide-Semiconductor-Triodes (MOST'S)", 
Digest  of Technical Papers, I n t e r n a t i o n a l  So l id  S t a t e  
C i r c u i t s  Conference, L e w i s  Winner, Inc. ,  New, York (1963) . 
1963 Sol id  S t a t e  Device Research Conference. 
Wanlass, F. M., "Metal-Oxide-Semiconductor F ie ld  E f f e c t  
T rans i s to r s  and Microcircui ts" ,  1963 Western Electronic  
Show and Convention., 
Wanlass, F. M., "Novel Field-Effect Device Provides 
Broadband Gain", Electronics ,  36, #44, (1963) 
Weyl, W. A. and E. C. Marboe, "The Cons t i t u t ion  of 
G l a s s e s  - A Dynamic In t e rp re t a t ion" ,  Vols. I and 11, 
In te r sc i ences  Publ ishers ,  New York, (1962) . 
Williams, R., "Photoemission of Electrons From S i l i c o n  
I n t o  S i l i con  Dioxide", IEEE Sol id  S t a t e  Device Research 
Conference, Princeton, N. J., June 1965. 
Yamin, M., "Charge Storage Ef fec t s  i n  Si02 Films", IEEE 
Trans. Electron Devices, V o l .  ED-12, 88-96, March 1965: 
1964 Spring Meeting Electrochem. SOC., Toronto, Abstract 
#75; IEEE Sol id  S t a t e  Device Research Conference, Boulder, 
Colorado, J u l y  1964. 
Yamin, M., "Observations on Phosphorus S t a b i l i z e d  Si02 
Films", Recent Newspaper, 1965 Spring Meeting, Electrochem 
SOC., San Francisco, J. Electrochem SOC. 112, 149c, (1965). 
-63- 
142. Zaininger,  K. H. and G. Warfield, "Hydrogen Induced 
Surface S t a t e s  a t  a Si-SiOa Interface", Proc of IEEE, 
- 52, 972-973, (1964). 
143. Zaininger,  K. H. and G. Warfield, "Limitat ions of the 
MOS Capacitance Method f o r  t h e  Determination of Semi- 
conductor Surface Propert ies" ,  IEEE Trans Elec t ron  De- 
v ices ,  
144. Hughes 
sistor 
Report 
P e r i o d  
ED-12, 179-193, (1965) . 
Aircraf t  Company Semiconductor Division, "Tran- 
Design Effecis on Radiation Resistance", F ina l  
(Contract No. DA36-039-AMC-02352 (E) ) , Covering 
June 15, 1963 t o  June 30, 1964, ASTIA-451406. 
-6 4- 
